A real-time PCR assay was developed for the quantitative detection of Campylobacter jejuni in foods after enrichment culture. The specificity of the assay for C. jejuni was demonstrated with a diverse range of Campylobacter species, related organisms, and unrelated genera. The assay had a linear range of quantification over six orders of magnitude, and the limit of detection was approximately 12 genome equivalents. The assay was used to detect C. jejuni in both naturally and artificially contaminated food samples. Ninety-seven foods, including raw poultry meat, offal, raw shellfish, and milk samples, were enriched in blood-free Campylobacter enrichment broth at 37°C for 24 h, followed by 42°C for 24 h. Enrichment cultures were subcultured to Campylobacter charcoal-cefoperazone-deoxycholate blood-free selective agar, and presumptive Campylobacter isolates were identified with phenotypic methods. DNA was extracted from enrichment cultures with a rapid lysis method and used as the template in the real-time PCR assay. A total of 66 samples were positive for C. jejuni by either method, with 57 samples positive for C. jejuni by subculture to selective agar medium and 63 samples positive in the real-time PCR assay. The results of both methods were concordant for 84 of the samples. The total time taken for detection from enrichment broth samples was approximately 3 h for the real-time PCR assay, with the results being available immediately at the end of PCR cycling, compared to 48 h for subculture to selective agar. This assay significantly reduces the total time taken for the detection of C. jejuni in foods and is an important model for other food-borne pathogens.
Campylobacter jejuni is the most common cause of acute bacterial gastroenteritis in the United Kingdom and the rest of the developed world (33) . A recent study from the United States concluded that gastrointestinal infection with C. jejuni causes significant morbidity and mortality, with the estimated number of cases a year exceeding 2 million and the numbers of deaths attributed to infection being estimated at greater than 2,000 (21) . The majority of infections are sporadic, and the sources of infection are rarely determined (7) . Outbreaks occur infrequently (28) , but a number of vehicles, including untreated milk (9) and untreated water (2) , have been demonstrated to be responsible for large outbreaks of gastroenteritis. C. jejuni is found in the normal gastrointestinal flora of poultry, swine, and cattle, and the epidemiological evidence suggests that these may be reservoirs for strains infecting humans (13) .
Conventional methods for the isolation and identification of campylobacters from food products require enrichment culture for up to 48 h and subculture to selective agar followed by phenotypic identification; this method takes up to 5 days in total to obtain a result (6) . The PCR is a rapid and specific nucleic acid amplification method for the detection of foodborne pathogens, and a number of PCR assays have been described for the detection of campylobacters in foods (8, 11, 12, 23, 27, 34, 35) . However, complex sample preparation methods and the use of gel electrophoresis endpoint detection methods that require manipulation of the amplification products after PCR cycling have hampered the transition of these methods from research to routine use in food microbiology laboratories.
The adaptation of PCR assays into a solution hybridization colorimetric endpoint detection format (PCR enzyme-linked immunosorbent assay [ELISA] ) allows the specific and sensitive detection of PCR amplification products (16, 27, 32) . Although this can increase the number of samples that can be tested, manipulation of the PCR products after thermal cycling is still required.
Quantitative PCR methods with endpoint detection which utilize internal or external controls of known concentrations which are amplified in parallel with the samples of interest have been described. After PCR cycling, the unknown test samples are compared to the controls, and a quantitative value is assigned to the test samples (31) . Because the final amount of accumulated product at the end of the PCR process is very susceptible to minor variations in reagents and sample matrices, there are limitations on the accuracy of quantitative PCR methods based on endpoint detection (30) .
The TaqMan 5Ј nuclease PCR method detects the accumulation of PCR product during the amplification reaction via the hybridization and cleavage of a fluorogenically labeled probe (17) . The method removes the need to manipulate the PCR products after amplification, reducing the risk of false-positive results through cross-contamination between amplification products and subsequent test samples. Cleavage of the probe leads to an increase in fluorescence, which is directly proportional to the accumulation of specific PCR product. With the ABI Prism 7700 sequence detection system, the increase in fluorescence can be monitored in real time, which allows accurate quantification over six orders of magnitude of the DNA or RNA target sequence (10) . Reactions are quantified by the point in time during cycling when amplification is detected rather than by the amount of PCR product accumulated after a fixed number of cycles.
Two 5Ј nuclease (TaqMan) assays for the detection of C. jejuni have been described. Wilson and colleagues (36) described an assay for the detection of ciprofloxacin-resistant strains of C. jejuni, and Nogva and colleagues (25) described a quantitative assay for the detection of C. jejuni, but they did not validate the assay for the detection of C. jejuni in naturally contaminated food samples. Jackson and colleagues previously reported a PCR assay for the detection and identification of C. jejuni, C. coli, and C. upsaliensis which targeted a 256-bp region of an open reading frame adjacent to and downstream from a novel two-component regulatory gene (12) .
The aim of this study was to develop a real-time PCR assay with the 5Ј nuclease system to target the open reading frame (ORF) C sequence specific for C. jejuni. The specificity and sensitivity for the detection and quantification of C. jejuni in naturally contaminated foods after 48 h of enrichment culture were investigated, and the results were compared with those of subculture to a selective agar medium.
MATERIALS AND METHODS
Media, bacterial isolates, and culture conditions. Maximum recovery diluent (MRD) (CM733, Oxoid, Basingstoke, United Kingdom) was used to suspend cultures and to prepare food rinse samples. Luria-Bertani (LB) broth (1 liter) was prepared with 10 g of tryptone (L-42; Oxoid, Basingstoke, United Kingdom), 5 g of yeast extract (0127-17-9; Difco, East Molesey, United Kingdom), and 10 g of sodium chloride (BDH, Poole, United Kingdom). Campylobacter enrichment broth (Bolton broth) was prepared with selective supplement X-131 (Lab M, Bury, United Kingdom) without the addition of blood and was used for selective enrichment of food samples. Campylobacter blood-free selective agar plates (CM739; Oxoid, Basingstoke, United Kingdom) containing charcoal-cefoperazone-deoxycholate agar (mCCDA) selective supplement (SR155E; Oxoid, Basingstoke, United Kingdom) were used for subculture of enrichment cultures.
The bacterial isolates used in the specificity studies are listed in Table 1 . Isolates were stored at Ϫ70°C in brain heart infusion broth (CM 225; Oxoid, Basingstoke, United Kingdom) containing 15% (vol/vol) glycerol (BDH, Poole, United Kingdom). Isolates were recovered from Ϫ70°C storage and grown on Columbia blood agar (CM 331; Oxoid, Basingstoke, United Kingdom) containing 5% (vol/vol) whole horse blood. Campylobacter, Arcobacter, and Helicobacter isolates were incubated microaerobically at 37°C for 48 h. Other bacterial strains were incubated either aerobically or anaerobically, as appropriate, at 37°C.
Preparation of PCR standard for use in real-time PCR assay. A PCR standard containing the C. jejuni ORF-C target sequence was constructed by cloning the target sequence into a plasmid vector with a Topo TA dual-promoter cloning kit (Invitrogen, Paisley, United Kingdom) according to the manufacturer's instructions. The recombinant Escherichia coli strain carrying the C. jejuni recombinant plasmid was inoculated into LB broth (20 ml) and incubated at 37°C overnight with horizontal shaking. Plasmid DNA was extracted from the culture with a S.N.A.P. miniprep kit (Invitrogen, Paisley, United Kingdom) according to the manufacturer's instructions. The plasmid DNA concentration was determined spectrophotometrically with a GeneQuant II RNA/DNA calculator (AmershamPharmacia Biotech, Amersham, United Kingdom), and the DNA was used as the template in the ORF-C PCR assay (12) to confirm the presence of the C. jejuni ORF-C insert. Standards were prepared from the plasmid DNA preparation containing between 1.2 and 1.2 ϫ 10 8 genome equivalents per 3 l of plasmid DNA template, and these were stored at Ϫ20°C and thawed and refrozen a maximum of three times prior to use.
PCR primers and probe. The PCR primers and probe (CJTP2) were designed with Primer Express software (PE-Applied Biosystems, Warrington, United Kingdom) to target the C. jejuni-specific region of the ORF-C sequence. The probe was labeled with the fluorescent dye 6-carboxyfluorescein on the 5Ј end and 6-carboxytetramethylrhodamine on the 3Ј end, and thymidine residues were replaced with 5-propyne-2Ј-deoxyuridine. The primers and probe were synthesized by PE-Applied Biosystems (Warrington, United Kingdom) and stored at Ϫ20°C prior to use. The forward primer (82F) sequence was TTGGTATGGC TATAGGAACTCTTATAGCT, the reverse primer (197R) sequence was CAC ACCTGAAGTATGAAGTGGTCTAAGT, and the CJTP2 probe sequence was TGGCATATCCTAATTTAAATTATTTACCAGGAC.
Real-time PCR assay. The real-time PCR assay was carried out in a 25-l volume and contained TaqMan Universal PCR reagent; primers (final concentration, 300 nM), the C. jejuni probe (final concentration, 300 nM), and 3 l of template DNA. Thermal cycling conditions were as follows: 50°C for 2 min, 95°C for 10 min, and 45 cycles of 95°C for 15 s and 60°C for 1 min. Thermal cycling, fluorescent data collection, and data analysis were carried out with the ABI Prism 7700 sequence detection system according to the manufacturer's instructions.
Interpretation of data and assignment of ⌬R n and C T . The TaqMan Universal PCR reagent contains a passive reference dye as an internal reference to which the reporter dye was normalized during data analysis. This allows correction for fluctuations in fluorescence due to changes in concentration and volume of the reaction mixture. All of the dyes present in the 5Ј nuclease PCR contribute to the fluorescent spectra, generating an overlapping composite spectrum. The detection system analyzes these multiple components by monitoring the dye-specific emission frequencies. Normalization of the reporter dye was achieved by dividing its emission intensity by the intensity of the passive reference dye to obtain a ratio defined as the R n (normalized reporter) for a given reaction. R n ϩ is the R n value of a reaction containing all components including the template. R n Ϫ is the R n value of an unreacted sample, which was obtained during the early PCR cycles prior to a detectable increase in fluorescence. The ⌬R n is the difference between the R n ϩ value and the R n Ϫ value and indicates the magnitude of the signal generated by the PCR. A positive reaction was determined automatically by the detection system and corresponded to any reaction which produced a ⌬R n above a threshold set during the early cycles.
The C T value is the cycle at which a statistically significant increase in ⌬R n was first detected associated with exponential growth of PCR product. The threshold was defined as 10 times the standard deviation of the mean baseline emission calculated for PCR cycles 3 to 15. The detection system constructed a standard curve by plotting the C T values against each dilution of the known standard (1.2 and 1.2 ϫ 10 8 genome equivalents) and used this to determine the quantitative value for test samples from the C T value detected.
Investigation of specificity of real-time PCR assay. Overnight cultures of a wide range of Campylobacter species, related organisms, and unrelated genera (Table 1) were prepared, and DNA was extracted with an Isoquick nucleic acid extraction kit according to the manufacturer's instructions (Orca Research). DNA extracts were quantified, and the purity was assessed spectrophotometrically with a GeneQuant II RNA/DNA calculator (Amersham-Pharmacia Biotech, Amersham, United Kingdom). Samples of the purified DNA (10 ng) were used as the template in the real-time PCR assay with the thermal cycling conditions and data analysis as described above.
Enrichment culture for C. jejuni in foods. Ninety-seven food samples, including naturally contaminated raw chicken, offal, shellfish, raw meat, and artificially contaminated (spiked) milk samples, were included in this study. Samples were purchased from six local retail outlets over a period of 3 months and were transported to the laboratory at ambient temperature within 1 h of purchase. All samples were stored at 4°C prior to testing and were tested within 24 h of receipt. Approximately 100 g of the food was placed in a Stomacher 400 filter bag (Seward, London, United Kingdom), and MRD was added in a ratio of 1 ml per 2 g of food. The sample and diluent were then mixed by hand for 30 s, and a 25-ml sample of rinse fluid was added to 225 ml of Bolton broth in a sterile 250-ml plastic screw-cap container (Bibby Sterilin, Stone, United Kingdom). Enrichment cultures were incubated at 37°C for 24 h and then at 42°C for a further 24 h. After incubation, enrichment cultures were subcultured to mCCDA medium, and the culture plates were incubated microaerobically at 37°C for 48 h. Subculture plates negative for campylobacters after 48 h of incubation were reincubated for an additional 24 h to facilitate the isolation of Campylobacter species from samples containing small numbers of cells.
Milk samples were inverted 10 times to mix the milk and cream layers, and a 25-ml aliquot of milk was added to 225 ml of Bolton broth in a sterile 250-ml plastic screw-cap container. A second 25-ml aliquot of the milk sample was artificially contaminated (spiked) by adding C. jejuni NCTC 11168 to a total 1384 SAILS ET AL. APPL. ENVIRON. MICROBIOL. viable-cell concentration of approximately 10 CFU per 25-ml sample. Enrichment cultures were incubated and subcultured as described above. Shellfish samples were collected from harvesting beds and transported to the laboratory at 4°C. The exterior surfaces of the samples were washed in fresh water to remove sand and other debris. Shells were opened with an oyster knife. The tissue was placed into a sterile container, 50 g of shellfish tissue was added to 450 ml of MRD and mixed, and 25 ml of the suspension was added to 225 ml of Bolton broth. The enrichment broth cultures were then incubated and subcultured as described above.
Total viable Campylobacter counts were performed on enrichment cultures by a surface count method (22) . Tenfold dilutions of the cultures were made in MRD, and dilutions were inoculated onto surface-dried CCDA agar plates containing 2% (wt/vol) agar (prepared by the addition of an extra 8 g of Technical agar per liter; L13, Oxoid, Basingstoke, United Kingdom). Plates were incubated microaerobically at 37°C for 48 h, the colonies were counted, and the total viable Campylobacter counts were determined. Positive and negative control samples were included with each set of samples. The positive control sample was prepared from an overnight culture of C. jejuni NCTC 11168 in Bolton enrichment broth (prepared without blood or selective supplement) and diluted in MRD to a cell concentration of approximately 1 CFU/ml. A 25-ml aliquot was added to 225 ml of Bolton broth and incubated and subcultured as described above. The negative control sample was uninoculated enrichment broth, which was included with each set of tests.
Identification of Campylobacter isolates. Identification of presumptive Campylobacter isolates was based on colony morphology, Gram stain, the oxidase test, and growth only in a microaerobic atmosphere. Identification to species level was performed with the hippurate hydrolysis test, the indoxyl acetate test, urea fermentation test, growth at 42°C, 37°C, and 25°C microaerobically, growth aerobically at 37°C, and sensitivity to cephalothin (30-g disk) and nalidixic acid (30-g disk) (3).
Extraction of DNA from enrichment broth cultures. DNA was extracted from enrichment broth cultures with PrepMan sample preparation reagent according to the manufacturer's instructions (Applied Biosystems, Warrington, United Kingdom). An aliquot (1 ml) of enrichment broth culture was centrifuged at 16,000 ϫ g for 10 min to sediment food particles and bacterial cells, and the supernatant was carefully aspirated and discarded. Samples were centrifuged again at 16,000 ϫ g for 1 min, all remaining traces of supernatant were removed, and the pellet was resuspended in 200 l of sample preparation reagent by vigorous vortexing. The suspensions were heated by floating on a boiling waterbath for 10 min; the samples were removed and allowed to cool to room temperature for 2 min and then centrifuged at 16,000 ϫ g for 2 min. A 50-l aliquot of the supernatant was added to 50 l of molecular biology grade water, and the diluted DNA sample was used as a template in the PCR assay. These samples had been previously investigated with a PCR ELISA (4) and then stored at Ϫ20°C for up to 1 year prior to testing in the real-time PCR assay reported here. time PCR assay. To determine the linear range of quantification, a standard curve of the template DNA genome equivalent copy number and C T was automatically generated by the instrument for two replicate sets of controls in the real-time PCR assay. The assay had a linear range of quantification of between 1.2 ϫ 10 1 and 1.2 ϫ 10 7 genome equivalents per PCR, and the limit of detection was approximately 12 genome equivalents per reaction.
RESULTS

Investigation
Detection of C. jejuni enrichment cultures by PCR and subculture to selective agar. Results of the PCR assay and enrichment culture and subculture to selective agar are presented in Table 2 . Any samples that gave results which did not correlate in both methods were retested in the PCR assay, and the original results were confirmed. C. jejuni was isolated from 57 samples, C. coli was isolated from two samples of porcine liver and a chicken meat sample, and C. lari was isolated from one raw shellfish sample. Twenty-six enrichment culture samples enumerated by surface counts had total viable Campylobacter counts ranging from 3 ϫ 10 4 CFU/ml to greater than 1 ϫ 10 7 CFU/ml. One sample had a count of approximately 10 4 CFU/ ml, six samples had counts of approximately 10 6 CFU/ml, and all other samples had counts greater than 10 7 CFU/ml. A comparison of the results of the real-time PCR assay and culture is summarized in Table 3 . Sixty-three samples were positive in the PCR assay and 57 samples were culture positive for C. jejuni by subculture to selective agar. A total of 66 samples were positive by either method, and 54 of these samples were positive in both methods and 30 samples were negative by both methods. The results of the samples with discrepant results are presented in the lower half of Table 2 
DISCUSSION
PCR methods for the detection of C. jejuni in foods have been described, but many of these methods have not been applied to the detection of C. jejuni in naturally contaminated foods. The adoption of new methods requires validation by application to naturally contaminated samples and comparison of the results with the gold standard method of selective enrichment culture and subculture to selective agar (29) . In this study, a real-time PCR assay for the detection of C. jejuni in food samples after enrichment culture was developed, with the results being compared to subculture to selective agar medium and phenotypic identification.
Primers were designed to target a 115-bp region of the ORF-C target sequence containing a C. jejuni-specific region identified previously (12) . The melting point of probes can be increased by the substitution of thymidine with 5-propyne-2Ј-deoxyuridine (15) , increasing the melting point by 1°C per substitution. These probes have been successfully used for allelic discrimination in TaqMan PCR assays (18), but they have not been described for pathogen detection assays prior to this study. Incorporation of the substitutions enables shorter probes to be synthesized while maintaining an optimal melting point of 66 to 70°C. The probe in this assay had thymidine residues replaced with 5-propyne-2Ј-deoxyuridine to maximize the ⌬R n values produced by the assay. The specificity of the real-time PCR assay was validated with Campylobacter, Helicobacter, and Arcobacter species and isolates from other unrelated genera and was demonstrated to be specific for C. jejuni.
Real-time data collection during each cycle of TaqMan PCRs with the ABI Prism 7700 sequence detection system can determine the point in the PCR process when a significant rise in fluorescence occurs. This increase in fluorescence occurs when the reaction is in the exponential phase of the amplification and when no reaction components are in limiting concentrations. The detection system automatically calculates the cycle at which each amplification reaches a significant ⌬R n , which is usually 10 times the standard deviation of the baseline threshold cycle (C T ) (10) . Therefore, the C T value is an accurate measure of the number of target molecules originally present in the sample.
The C. jejuni assay in this study demonstrated a linear range of quantification over six orders of magnitude and a quantitative limit of detection of approximately 12 genome equivalents, with detection below these levels being inconsistent. Previously reported sensitivities of detection of TaqMan assays vary between approximately 50 CFU per reaction for the Listeria monocytogenes assay of Bassler and colleagues (1) to 10 Ϯ 5 CFU per reaction for the E. coli O157 assay of Witham and colleagues (37) . The Salmonella assay evaluated by Chen and colleagues (5) and Kimura and colleagues (14) had an analytical sensitivity of 2 CFU/per reaction in pure cultures, but none of these assays was quantitative.
Nogva and Lillehaug (24) used the TaqMan Salmonella PCR detection kit (Applied Biosystems) in a real-time format and demonstrated quantification of Salmonella cells over six orders of magnitude in pure culture. Nogva and colleagues also reported real-time quantitative assays for L. monocytogenes (26) and C. jejuni (25) , both of which had a linear range of quantification of at least six orders of magnitude. However, none of these assays was applied to the quantitative detection of these species in naturally contaminated foods.
The C. jejuni assay reported here was applied to the detection and quantification of C. jejuni in DNA extracts from en- Ten samples were positive in the real-time PCR assay but culture negative for C. jejuni. Two of these samples (numbers 42 and 83) were culture positive for C. coli. To determine that the enrichment cultures contained C. jejuni cells which were not recovered on subculture, the DNA samples were used as the template in another C. jejuni-specific PCR assay that targeted the hippuricase gene of C. jejuni. Both samples were positive in the hippuricase PCR assay (data not shown), confirming that C. jejuni was present in the enrichment cultures. Only single colonies of presumptive Campylobacter isolates were picked from the subculture plates, and therefore theses samples may have contained both C. jejuni and C. coli. The ten PCR-positive/culture-negative samples had C T values of 37.0 or greater, with the mean value being 41.4, whereas the PCRpositive/culture-positive samples had C T values of between 20.8 and 37.5, with the mean value being 26.2. The C T value indicates the number of genome equivalents per reaction; therefore, all 10 of these samples may have contained very small numbers of genome equivalents per reaction.
One sample (number 97) was positive by direct culture (data not shown), although the enrichment culture was negative for Campylobacter on subculture. This enrichment culture may have contained C. jejuni cells which were not recovered by subculture to selective agar but could be detected with the real-time PCR assay. Seven of the other nine PCR-positive/ culture-negative samples were previously demonstrated to be positive in a PCR ELISA that targeted the same C. jejuni sequence (4). Only a raw shellfish sample (number 53) and a raw milk sample (number 79) were not positive in the PCR ELISA. Therefore, 8 of these 10 samples contained C. jejuni DNA that may have been derived from dead, injured, or viable but nonculturable C. jejuni cells which were not recovered by conventional enrichment culture, although the DNA was detected in the PCR assay.
Quantitative PCR results were compared with total viable Campylobacter counts for 26 samples. Nonviable C. jejuni cells present in the original samples may have been detected in the PCR assay and could have contributed to the number of genome equivalents detected. Enrichment culture of the samples prior to testing may have reduced the effects of dead cells present in the foods by dilution and by increasing the number of viable cells. The total viable Campylobacter counts from the 26 enrichment broth samples varied between 4 ϫ 10 5 and greater than 10 7 CFU/ml. Comparison of the viable counts and genome equivalent counts showed that the genome equivalent counts were greater in some of the samples than the viable counts. The Campylobacter counts were performed on selective agar, but if some of the cells were dead or injured, preventing their recovery on selective agar, then the method may have underestimated the number of total cells present.
The real-time PCR assay reported here uses a 96 well microplate format, which can test large numbers of samples rapidly and the assay uses universal PCR reagents and thermal cycling conditions facilitating the testing of multiple targets on the same analysis plate. This platform technology and common reagent format will facilitate standardization of methods between laboratories. The elimination of postamplification manipulation of the PCR products also reduces the potential for cross-contamination to subsequent PCRs, therefore reducing the probability of false positive results. The universal PCR reagent contains uracil DNA glycosylase and dUTP, which is an additional control to prevent previous amplification products being reamplified in the assay leading to false positive results (19) . The assay could be adapted to be performed on any of the other real-time PCR platforms available however modifications of the protocol may have to be made.
The real-time PCR assay reported here was demonstrated to be as sensitive as conventional culture methods but significantly reduced the time taken for detection. The total time required for detection in enrichment broth samples was about 3 h (30 min for the DNA extraction and approximately 2.5 h for the real-time PCR assay) with the results being available immediately at the end of PCR cycling. This assay is the first report of the application of a real-time quantitative PCR assay to the detection of C. jejuni in naturally contaminated foods and is a model for other food-borne pathogens. The use of sensitive, quantitative methods for the detection of C. jejuni during food processing could be used to determine points in the food production process where contamination occurs and where controls could be introduced to reduce or eliminate C. jejuni from retail food products, thereby reducing the risk to the consumer (20) .
